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ABSTRACT 


The interaction between the porous hydrogen and 
nickel electrodes and microporous separator with respect 
to electrolyte management in nickel/hydrogen cells has 
been investigated. The distribution of electrolyte 
among the components has been measured and correlated 
with the pore size distributions, total void volume, and 
resistance of a variety of electrodes and separators. 
Calculations are used to show the effects of systemat- 
ically varying these properties. 


INTRODUCTION 

Alkaline batteries and fuel cells used in high en- 
ergy density applications for space are often operated 
as starved electrolyte systems, i.e., the amount of 
electrolyte present does not completely saturate the 
porous components. This contrasts with flooded cells 
where the electrodes and separators are often immersed 
in an electrolyte solution. Consequently, the electro- 
lyte distribution in a single plate cell is affected 
both by the transport phenomena introduced by the pres- 
ence of a current flowing in the cell and by the compe- 
tition of the porous components for the available elec- 
trolyte. Superimposed on these processes are the 
factors which affect the electrolyte distribution in a 
multiplate cell, such as temperature gradients and man- 
ufacturing variables. The importance of maintaining an 
optimum electrolyte volume in starved electrochemical 
systems has been discussed previously (1). This paper 
will concentrate on the static effects of pore size en- 
gineering among the cell components in order to broaden 
the volume tolerance of the cell electrolyte content. 

The three systems considered are the following: 
nickel/hydrogen batteries, nickel/cadmium batteries and 
fuel cells. Table 1 shows the reactions of the repre- 



sentative systems. The porous electrodes used are both 
catalyzed (hydrogen, oxygen) and uncatalyzed (nickel, 
cadmium) . Often the design of matrices and separators 
for these systems has relied heavily on chemical compat- 
ibility considerations of the materials (e.g. corrosion 
tests in concentrated electrolyte) rather than on prop- 
erties of the system as a whole (electrodes and separa- 
tors assembled together in an electrochemical cell) . 
Separators and matrices must be designed for (a) the 
types of electrodes present in the cell, (b) the respec- 
tive cell reaction, and (c) the geometrical 
configuration. 

In the first example, the nickel/hydrogen cell con- 
sists of both a gas diffusion electrode and a porous 
nickel hydroxide electrode. Water is both produced and 
consumed at different electrodes during charging and 
discharging of the battery. In addition to the reac- 
tions listed in Table 1, oxygen is generated at the 
nickel electrode during the latter half of the charging 
cycle. Recombination with hydrogen to form water can 
occur at the catalyzed hydrogen electrode or at a sepa- 
rate recombination electrode. Nickel/cadmium cells con- 
sist of two porous electrodes nearly completely filled 
with electrolyte. Water is consumed at the nickel elec- 
trode on discharge and produced during charge so that 
the battery components will experience a net gain or 
loss of electrolyte. In alkaline fuel cells, water is 
produced at the hydrogen electrode and consumed at the 
oxygen electrode. Because more water is produced than 
consumed, water is evaporated from the surface of the 
hydrogen electrode, by regulating the degree of humidi- 
fication of gas streams. Matrices used in fuel cells 
always act as gas barriers while separators found in 
nickel/hydrogen batteries may act as gas barriers de- 
pending on the geometrical configuration. Normally, 
separators used in nickel/cadmium batteries are perme- 
able to gases. These geometrical considerations impose 
additional requirements on the pore size distributions 
of the separator and matrix materials. 

Proper electrolyte management in batteries and fuel 
cells requires that the multiplate issues be addressed 
as well as the single plate concerns. Optimizing porous 
components so that the optimum current is obtained is 
important for single plate cells, whereas achieving 
methods for broadening the tolerance of the cell to 
changes in the electrolyte content are necessary for the 
multiplate cell. In the multiplate cell, where group- 
ings of components are assembled together within a com- 
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mon vessel, the component thicknesses, porosities, and 
other variables will assume a statistical distribution 
of values. Distribution of parameters such as weight 
and thickness will correspond to a distribution of void 
volumes from plate to plate within a cell and conse- 
quently the electrolyte volume in each component will be 
different. Examples of such distributions were given in 
an earlier paper (1) •• This paper will consider the con- 
tribution of various factors from an experimental 
approach. 

Two porous materials which are in contact will ex- 
hibit a redistribution of electrolyte through effects of 
pore size and wettability. Assuming cylindrical geome- 
try, the capillary pressure for a single pore filled 
with a wetting (electrolyte) and non-wetting (gas) fluid 
is given by 

p c = 2Ycos6/r [1] 

where 6 is the contact angle, y is the inter- 
facial tension between the wetting and non-wetting 
fluids in the pore and r is the pore radius (3) . Cap- 
illary pressure as shown by the equation is a function 
of three variables, 0, y* and r, each of which can 
be varied independently. At equilibrium, for two pores 
in different materials in contact, the capillary pres- 
sures will be equal, p^ = p£, or 

2yi cos 8i/ri = 2Y2 cos 02/ r 2 

If the pores of the two materials are equally wettable, i.e. 
0^ = 02 and Yi = Y2» pores of the same radii will be filled 
in each. When the contact angles in the materials differ, 

©1 * 02 Yi * Y2 pores of different radii will be filled 
in each material at equilibrium. 

Porous materials do not have pores of uniform size 
but instead exhibit a distribution of pore sizes which . 
leads to an expression for the capillary pressure of 


P 


c 


D(r.) r 


dp 

idV 


[ 2 ] 


where D(r^) is the pore size distribution function and 
dv represents the degree of saturation, i.e. the volume 
of filled pores. At equilibrium, porous materials in 
contact will be saturated to differing degrees as the 
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pore size distributions, wettability, and total porosity 
will be different. These differing degrees of satura- 
tion will affect the cell characteristics (2) . The re- 
lation between pore structure of components and elec- 
trolyte management will now be shown. 


EXPERIMENTAL 

Properties of both electrodes used in space-weight 
cells and candidate separator materials for alkaline 
batteries and fuel cells were studied. The electrodes 
were obtained from commercial sources as well as some of 
the separator materials. The composite separators were 
prepared by placing Zircar (zirconium oxide) cloth onto 
the screen of a sheet mold and filtering an aqueous so- 
lution of fibers and particles through the cloth. 

Typical properties measured for battery separators using 
standard techniques (4) are listed in Table 2. 

Other measurements were performed as follows: 

(a) Scanning electron micrographs were taken on an 
Amray 1200 B. 

(b) Determinations of the pore size distributions 
were made by mercury intrusion porosimetry (Micro- 
merit ics Corp.). Discussions of the technique and data 
reduction are available (5) . 

(c) Electrolyte distribution measurements as a 
function of degree of saturation of the components were 
made in the Plexiglass cell depicted in Figure 1. The 
electrodes and separator were oven dried at 90° C over- 
night and weighed. After the cell was assembled and 
fastened, it was vacuum impregnated by immersing in so- 
lution of 35 percent KOH over which a vacuum was drawn 
for one hour. The cell was then reassembled and the 35 
percent KOH solution added incrementally. After each - 
increment, the cell was undisturbed for one hour in or- 
der to allow the electrolyte to equilibrate among the 
components. The cell was then disassembled and each 
component weighed in order to determine the electrolyte 
distribution. This varies from standard techniques (6) 
which involve withdrawing electrolyte. 

(d) Resistance measurements as a function of the 
total cell electrolyte content were performed in a man- 
ner similar to the electrolyte distribution measure- 
ments. A General Radio impedance bridge was used. 
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Figures 2 and 3 show pore size distribution curves 
for several separators. Polypropylene and Zircar each 
have extremely large pore sizes. Celgard has very uni- 
form oval shaped pores, 400 x 4000 A. Because the 
holes are not circular, the diameter corresponding to 
intrusion only lies in the range of 400-4000 A, i.e. 
diameter of 1300 A. Beater treated asbestos, fuel 
cell grade asbestos with binders and the mixture 20 
percent PKT {potassium titanate) , 80 percent fuel cell 
grade asbestos all show peaks in the pore size distribu- 
tion at approximately one micron. The polyethylene In- 
terseparator (W. G. Grace) exhibits the broadest distri- 
bution of pores. Representative distributions are also 
given for electrodes (Figure 4) . A greater proportion 
of small pores is found in the pore size distribution of 
the Air Force nickel electrode (Pickett impregnation 
process) than in the distribution of the Comsat elec- 
trode (Bell impregnation process) . The Air Force hydro- 
gen electrode shows a distinctly bimodal distribution 
while the pore size distribution of the Comsat electrode 
is broader. Also depicted (Figure 5) is the pore size 
distribution of a nickel electrode which has been cycled 
in a nickel/hydrogen cell. The porosity of the elec- 
trode increases with cycling as has been confirmed by 
Lim (7). Figures 6 through 10 show the SEM photographs 
of some of these materials. Zircar fibers, Figure 6, 
are highly oriented to form a knit cloth. Large voids 
between individual fibers and holes between the fiber 
strands correspond to the largest pores in the size dis- 
tribution curves. The individual Zircar fibers are 
characterized by deep, rough intrusions or channels. 

The polyethylene fibers (Figure 7) are very nodular; the 
polypropylene fibers (Figure 8) , smooth. The mat com- 
posed of fuel cell grade asbestos with 5 percent poly- 
vinyl alcohol as a binder (Figure 9) contains a large 
range of fiber diameters which allow for very small 
pores as predicted from geometrical calculations (8). 

The separator composed of 80 percent potassium titanate 
fibers and 20 percent zirconium oxide fibers (Figure 10) 
is extremely dense. The enlargement of the potassium ' 
titanate fibers reveals that these fibers are extremely 
smooth and small. Matrices composed of these fibers 
have been studied extensively (9). The SEM for the sep- 
arator composed of potassium titanate fibers deposited 
on a Zircar cloth (Figure 10) shows that on the under- 
side of the Zircar cloth, the PKT fibers adhere to the 
Zircar fibers. The difference in size of the two kinds 
of fibers is evident in these photos (Figures 10b 
and 10c) . 
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Electrolyte Distribution Calculations 


Based on the pore size distribution, calculated 
predictions of the static distribution of electrolyte 
can be made. Assuming that at equilibrium, the 
capillary pressures between any two components are 
equal, curves can be constructed based on the mercury 
intrusion data which show the distribution of electro- 
lyte among the components as a function of the total 
electrolyte content in the Plexiglass cell, and the per- 
cent saturation of the individual components as a func- 
tion of the total electrolyte content. Figures 11a 
and lib give the electrolyte distribution curves 
calculated using the capillary pressure versus mercury 
intrusion data for Zircar cloth, an Air Force nickel and 
an Air Force hydrogen electrode. The Air Force 
electrodes has been cycled in a nickel/hydrogen cell for 
only a few formation cycles. These curves predict that 
on the basis of pore size distribution the Zircar 
separator acts as a reservoir consistently losing 
electrolyte to the nickel and hydrogen electrodes. Over 
a wide range of values of the total cell electrolyte 
content the percent saturation of the components remains 
relatively constant while the distribution of electro- 
lyte among the components favors the nickel electrode. 

In Figure 12, the calculated electrolyte 
distribution for a separator containing fuel cell grade 
asbestos and 5 percent EBL binder is shown. In this 
case, the model separator was chosen to be approximately 
18 mils thick in order to correspond to a separator 
which had been fabricated in the lab. The separator 
contains a large fraction of the electrolyte but tends 
to lose electrolyte to the electrodes when the 
saturation is less than 100 percent. 

The distribution curves for polyethylene Intersepa- 
rator are given in Figure 13. Because the pore size 
distribution is very broad the curve showing percent 
saturation as a function of total cell electrolyte con- 
tent exhibits several minima and maxima. The electro- 
lyte content of this separator is smaller as the separa- 
tor is only 5 mils thick. In addition, the lack of wet- 
tability of the Teflon in the hydrogen electrode has 
been taken into account by assuming that approximately 
three-quarters of the pores are non-wetting. The per- 
cent saturation of the hydrogen electrode decreases 
quite sharply as the cell electrolyte content de- 
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creases. These types of curves may be constructed for 
any number of separators or electrodes for which mercury 
instrusion data are available. 


Electrolyte Distribution Measurements 


The electrolyte distributions as a function of to- 
tal cell electrolyte content for a number of combina- 
tions of separators and electrodes are shown in 
Figures 14 and 15. Initially the composite separator 
(Zircar, FCGA, 5 percent PVA) is filled with an amount 
of electrolyte equal to that found in the nickel elec- 
trode. The separator and nickel electrode lose electro- 
lyte in approximately the same proportion. The hydrogen 
electrode readily becomes dry at electrolyte contents of 
the cell less than 100 percent. When the same measure- 
ment is repeated with electrodes from a nickel/hydrogen 
cell of the Air Force configuration which has been cy- 
cled for 2600 cycles, the electrodes retain a much lar- 
ger fraction of the electrolyte than previously. 

Because the electrodes have been removed from the cell 
in which they were cycled, this effect cannot be due to 
compression of the separator resulting from nickel elec- 
trode expansion, but must be caused by a change of poro- 
sity and pore size in the nickel electrode and a change 
in wettability of the Teflon in the hydrogen electrode. 

The electrolyte distribution for an 18 mil thick 
separator consisting of fuel cell grade asbestos and 5 
percent EBL (Figure 14c) shows that while the separator 
contains a larger fraction of the cell electrolyte con- 
tent the nickel electrode strongly competes for the 
electrolyte. The percent saturation of the nickel elec- 
trode remains a higher than that for the separator over 
the range of cell electrolyte contents measured. The 
observed curves correlate well for electrolyte contents 
greater than 50 percent with the curves calculated from 
pore size considerations shown in Figure 12. in 
Figure 15a the electrolyte distribution for a Zircar 
separator and a cycled hydrogen electrode are shown. In 
this case the separator competes very effectively for 
the available electrolyte and the nickel electrode shows 
more of a drying tendency. The electrolyte distribution 
curves for a cycled nickel electrode and Interseparator 
(15b) follow very closely the curves predicted on the 
basis of the pore size distribution. 
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The curves shown in Figure 15c were measured for 
potassium titanate and zirconium oxide particles depos- 
ited onto a Zircar cloth. The electrolyte retention of 
this separator is high, similar to Zircar cloth when 
used alone. Figure 16 gives the electrolyte distribu- 
tion curve for a model composite separator consisting of 
Zircar cloth, fuel cell grade asbestos with a binder, 
and Zircar cloth. This curve shows that the Zircar 
loses electrolyte to the asbestos portion of the separa- 
tor and the nickel electrode. 


Resistance Measurements 


The resistances as a function of cell electrolyte 
content for the configurations of uncycled nickel elec- 
trode, separator, and cycled hydrogen electrode are 
given if Figures 17 and 18. In the first example, 

Figure 17, the separators used consisted of Zircar 
cloth, a fuel cell grade asbestos separator with 5 per- 
cent EBL binder prepared in the lab and a model com- 
posite separator composed of Zircar cloth, fuel cell 
grade asbestos with 5 percent EBL and Zircar cloth. The 
resistances of the model separator and the Zircar cloth 
are much less sensitive to the total electrolyte content 
than the asbestos separator. 

in the second example (Figure 18) , the variation of 
cell resistances with electrolyte content are compared 
for a separator consisting of fuel cell grade asbestos 
with binder and for a composite separator consisting of 
the fuel cell grade asbestos with binder deposited on 
Zircar cloth. The resistance of the composite separator 
is again much less sensitive to the electrolyte content 
than the asbestos. 


DISCUSSION 


Generally the distribution of electrolyte among the 
components in the cell and the percent saturation of 
individual components as a function of total cell elec- 
trolyte content correlates well with the pore size dis- 
tribution with the exception of Zircar cloth where the 
zirconium oxide fibers are ridged. The degree of hydro- 
gen bonding on the surface of the metal oxide fibers in 
a concentrated electrolyte such as potassium hydroxide 
may be expected to be high. In addition, the surface 
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roughness (10) factor for the deeply ridged fibers will 
also be large. Both effects result in a smaller contact 
angle, and hence would be expected to increase the pres- 
sures which are required to force a wetting fluid from 
the pores. 

Because the nickel electrode expands during cy- 
cling, it is essential to have a separator which func- 
tions as a reservoir. However, the resistance of the 
separator must also be relatively insensitive to the 
electrolyte content because the amounts of electrolyte 
will vary in the components of a multiplate cell. In 
both these respects, the model composite separator con- 
sisting of Zircar cloth, asbestos with a binder and Zir- 
car cloth and the composite separator prepared by depos- 
iting fuel cell grade asbestos with a binder on Zircar 
cloth appear to be superior. In addition to the pore 
size engineering/wettability affects, which include con- 
sideration of the thickness of the porous components 
within the cell, the resistance as a function of com- 
pression should be determined in order to predict the 
geometry of the optimum separator. In addition the dy- 
namic aspects of electrolyte redistribution should be 
considered. 

For the dynamic aspects of electrolyte management 
in alkaline, starved-electrolyte systems, the following 
couples should be examined independently: 

(a) Fuel Cells - In fuel cells, the gaseous reac- 
tants are forced into the cell by pumping. The system 
operates continuously and does not recharge so that the 
electrode reactions always proceed in the same direc- 
tion. After a short start-up interval, the system is 
operating in a steady state configuration. This implies 
that the potassium flux, 


V • Jj^+ = 0 


[ 3 ] 


and that 


V . Jqh~ = rate of production or consumption 

of hydroxide ion. 
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The overall current, I = (J + - J_)nF is then only 
dependent on the hydroxide ion flux. Assuming that the 
electrode can be described as a finite slab of cylindri- 
cal pores, the hydroxide ion flux may be expressed in 
cylindrical coordinates as, 

J - - d oh-[} If < rC 0H-> + If 08 '] + vC 0H- 

+ d oh-[f If “♦> + If] > 4 > 


where r is the pore radius, z is the distance along 
a cylindrical pore, is the potential, v is the 
volume flux of electrolyte, D is the diffusion coeffi- 
cient and C is the concentration. Simplifying assump- 
tions such as that of radial symmetry can be introduced 
and the boundary conditions for the pore made to reflect 
limiting current conditions. In addition, approxima- 
tions for the steady state flow of electrolyte, v, which 
describe the fraction of water allowed to travel to the 
oxygen electrode and the amount evaporated off the sur- 
face of the hydrogen electrode, can be used. By numeri- 
cal solution of the equations derived and satisfying the 
boundary conditions for hydrogen electrode, oxygen elec- 
trode and fuel cell matrix, the current as a function of 
pore radius may be calculated. When integrated over the 
pore size distributions of the components, the total 
current may be computed. Consequently, optimum pore 
size distributions from kinetic considerations may be 
determined. Because the systems are starved electrolyte 
systems, the amount of electrolyte in each electrode 
affects the thickness of the film in the pore through 
which gas must diffuse. The amount of electrolyte 
present is related to the capillary pressure character- 
istics. The optimum amount can be engineered by al- 
tering the electrode pore size distribution or by vary- 
ing the Teflon content to change the wetting 
characteristics. 

(b) Nickel/hydrogen batteries - Unlike fuel cells 
nickel/hydrogen batteries are enclosed in pressure 
vessels. During charge and discharge, the hydrogen 
pressure varies from 200 to 600 psig. rather than 
remaining constant. Because these cells are not 
operated in a steady state condition, the continuity 
equation must be used 
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§£oh“ = V • J 0H - + Kqjj of poor quality [5] 

where R = Rate of production of OH due to the chemical 
reaction 


Tt H - V 161 

when determining the current as a function of pore rad- 
ius. At each time t, and for distances across the 
length of the pore of dz and dr, profiles for the con- 
centration and potential must be calculated. 

Initially, the static distribution of electrolyte 
among the cell components is determined by the pore size 
distribution of their materials. As the cell cycles, 
the nickel electrode expands and the pore size distribu- 
tion in the electrode changes. Although the tolerance 
of the nickel/hydrogen cell to changes in the electro- 
lyte volume is wider than that of a fuel cell, the com- 
ponents do not experience greater morphological 
changes. Consequently, engineering the pore size dis- 
tributions to incorporate reservoir properties into the 
separator is necessary so that the resistance of the 
separator is less sensitive to electrolyte content. 

(c) Nickel/cadmium cells - In nickel/cadmium . 
cells, the separator must have a very wide volume toler- 
ance because a net increase in the amount of water 
present occurs on charge. The separator must be able to 
accommodate this change while steadily losing electro- 
lyte to the nickel electrode as cycling occurs. How- 
ever, the separator may be a very porous material be- 
cause in the usual geometric configuration, oxygen 
diffuses through the separator to the cadmium electrode 
for recombination. Separators which have a high bubble 
pressure, i.e. a large density of small pores, are not 
required as in the example of fuel cells. 

Electrolyte management has been studied in other 
fuel cell systems (11). 

In conclusion, 

(a) Electrolyte management in starved alkaline 
electrochemical cells is a function of the interactions 
among all porous components in a cell. 
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(b) The pore size distributions and wettability of 
the components determine the capillary pressure charac- 
teristics which govern the static distribution of elec- 
trolyte among the components. 

(c) Composite separators may be required in order 
to optimize electrolyte management in nickel/hydrogen 
and nickel/cadmium batteries. 

(d) The dynamic aspects of electrolyte redistribu- 
tion should be studied by appropriate modelling in order 
to distinguish between the requirements for porous com- 
ponents in individual alkaline electrochemical systems. 
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TABLE 1. - REACTIONS OF REPRESENTATIVE ALKALINE SYSTEMS 
(Discharge Reactions) 


Nickel/Hydrogen 


1/2 H 2 + OH" — *-H 2 0 + e" 

NiOOH + H 2 0 + e~ — ► Ni (OH) 2 + OH 
NiOOH + 1/2 H 2 — ► Ni(OH) 2 


Comment: No net production 

or consumption of water 


Nickel/Cadmium 


2 NiOOH + 2 H 2 0 + 2e~ — ► 2 Ni(OH) 2 + 2 OH" 

Cd + 2 OH - — ► Cd (OH) + 2e“ 

2 NiOOH + 2 H 2 0 + Cd — P-2 Ni(OH> 2 + Cd (OH) 


Comment: Water consumed 

at the nickel elctrode on 
discharge 


Alkaline Fuel Cells 

H 2 + 2 OH - — ► 2 H 2 0 + 2e” 

2e“ + l/20 2 + H 2 0 — ► 2 OH 
H 2 + 1/2 0 2 — ►- H 2 0 


Comment: Water produced 

at the hydrogen electrode 
and consumed at the 
oxygen electrode 


\ ORIGINAL PAGE IS 
QC POOR QUALITY 


13 



ORIGINAL PAGE IS 
OF POOR QUALITY 


CO 

U 


S 


< 

cu 

u 

CO 


w 

A 

< 

t- 


CO 



0) 



ft) 



c 

X 


JC 

o 

r- i <n i v i 







£ 

dP 


u 

in 


O' 






O 



iJ jJ 

X 


C ft) Jj 

o 



sc 


U C 3 



u <0 

dP 

■ 

0 ) J= c 

in 

■ ■ 

CU o o 

<*n 

■nm 


X 




(M r- in r- l l l o 

4- 

dP 

yj r*" n in | I 1 -4 

H r4 H III H 

ft) — 

in 


■U 

>- c 

rr 




-1 O 



•u) O 

X 


C u XJ 

o 


ft) 4-> C 


(\| lO CD 00 1 U) 1 n 

O O ft) 


iO h n i Oi | o 

u Cl U 

dP 

-4-4-4 1 1 ^4 

ai *h ft) 

in 


a ft) u 

m 





♦ 



w 



>. 



XJ XJ 


1 1 ID M CO N it) N 




ft; (0 


i i o' m i£> i£> cn m 

o o 


i i «£ f' t- io ao in 

u Ui 

fln 


ft) O 

a a 

■ 



X 



o 



ic 

r- m »n t ru 





dP 

nj *r m o -» » <r. O 

4- 

in 

^ f- N w i h m 


«r 


>n 



•U 4J 

X 


c •-* 

o 


ft) to 


a» h on —4 \o m 

u o 



t-. u 

dP 

m<y*»-4 CTN^o^r® 

ft) O 

in 

r- r~~ r- -4 r\j nj 

a a 

m 



X 



o 


4- 

sc 

in ru **> ° * 

— - • 


-4 on m m o t* • 


dP 


>» 

in 

O' co -4 ^ m m i 

X) 

4T 


•4 



> 



••4 

X 


ft) 4J 

o 


e «o^4 


m co co O' fo 

D -4 1 


l© r-> O 4 (D H h 

4 ID E 


i < • • • • • 

O ft) O 

in 

o< r— co mmr'4»i£> 

> u«c: 

rn 

-4 0> 



J U 



ffi o 



W *J to 



rtj o 



dP Vh 4-» 



in to w 



a oi 

u 


«• 0) -Q 

0 


C w w 

xJ 


O u. m 

n 


U 0) 

u 


tt, 4J — T5 — 

<0 


C ft) <D ft) — * 

a 


_J<«*MCC4J o 

ft) 


CO > o ft) ft) ro m 

to 


td £U CO ftIH H ft) m 

\ 


U >N >> l- ■— 

ft) 


dP dP - <c -c a -t-i 

c 


in in h k-u o *0 



i£ O ft) u u ui u 

u 


«. «. cu >, a ft; « 

13 


< C • -4 >, 4J o O' 

E 


u u x 1 o: o h <o u^4 

<D 


u t) O • CL o ft) 41 



t t,N j-a,fl)Nu 


a> a> 
c o 
-4 c 
e a> 

ki u 

CU 0) 


14 

























DIFFERENTIAL PORE VOLUME, cc/gm 




PLEXIGLAS 


o 

o 


o 

o 


PLEXIGLAS 



NICKEL ELECTRODE 


SEPARATOR 


HYDROGEN 

ELECTRODE 


CELL USED FOR 
ELECTROLYTE 
DISTRIBUTION 
DETERMINATIONS 
Figure 1. - Cell used for electrolyte distribution determinations. 
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Figure 2. - Pore size distribution curves 
of separators. 
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Figure 3. - Pore size distribution curves of separators. 
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Figure 4. - Pore size distribution curves 
of electrodes. 
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Figure 5. - Cycled electrode pore size 
distribution curves. 




(a) CLOTH. 

(b) ENLARGEMENT OF ZIRCAR FIBER. 
Figure 6. - SEM of zirconium oxide separator. 




(a) SECTION. 

(b) ENLARGEMENT OF SINGLE FIBER. 
Figure 7. - SEM of polyethylene Interseparator. 
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(a) SECTION. 

(b) ENLARGEMENT OF SINGLE FIBER. 
Figure 8. - SEM of Polypropylene (wettable). 


(a) SECTION. 

(b) ENLARGEMENT WHICH SHOWS INDIVIDUAL 
FIBERS. 

Figure 9. - SEM of fuel cell grade asbestos with 
5% polyvinyl alcohol binder. 
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(a) SEPARATOR CONSISTING OF 80% PKT, 20% 
Zr0 2 FIBERS. 

(b) SEPARATOR CONSISTING OF PKT FIBERS ON 
ZIRCAR CLOTH. 

(C) ENLARGEMENT OF (b). 

Figure 10. - SEM of potassium titanate separator. 
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(a) Electrolyte distribution among 
cell components. 

(b) Percent saturation of individ- 
ual components. 

Figure 11. - Zircar. 
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(a) Electrolyte distribution among 
cell components. 

(b) Percent saturation of individ- 
ual components. 

Figure 12. - FCGA with binder. 



(a) Electrolyte distribution among 
cell components. 

(b) Percent saturation of individ- 
ual components. 

Figure 13. - Polyethylene Inter- 
separator. 
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Figure 14 - Electrolyte distribution curves for combina- 
tion of Air Force electrodes and separators. 
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Figure 15. - Electrolyte distribution curves for combina- 
tion of Air Force electrodes and separators. 
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Figure 16. - Percent saturation of 
individual components for model 
system. 
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Figure 17. - Resistance measurement 
curves for combination of Air Force 
nickel, 2600 cycled Air Force hydro- 
gen and separators. 
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Figure 18. - Resistance measurement 
curves for combination of Air Force 
nickel, hydrogen from a silver/ 
hydrogen cell and separators. 
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